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PREFACE
A Space Shuttle Technology Conference on Flow Fields, Heat Transfer, Aero-
dynamics, and Operational Flight Mechanics was held at the NASA Ames Research
Center on December 15 and 16, 1971- The objective of this conference was to
review the broad base of aerothermodynamics technology developed for the space
shuttle during the period of the Phase B studies and, thereby, help focus
attention on the technology required for further space shuttle development.
This publication is a compilation of the conference papers. It has been divided
into four volumes, one for each of the sessions. Five papers which were omitted
from the oral presentation at the conference are included in this publication.
Contributing organizations include U.S. Aerospace Contractors, Universities,
Canadian and European Space Agencies, in addition to NASA Research Centers/
iii
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SHUTTLE TECHNOLOGY - INTRODUCTORY REMARKS
By A. 0. Tischler
Director of Shuttle Technologies Office, OART
NASA Headquarters, Washington, D.C.
This conference is the third large conference covering the general subject
of aerothermodynamics for the reusable earth-to-orbit transportation system, '
commonly called the "shuttle," and the first to be devoted exclusively to the
aerothermodynamic problems and issues. The first of these conferences, held at
the Lewis Research Center in the summer of 1970, told everyone what.the approach
to shuttle technology work would be. The second, held at the Langley Research •
Center in the late winter of 1971, made the overall plan more substantive and :
provided some results. This conference, hopefully, will disclose much data and
correlations on the shuttle-related aerothermodynamic technology..
Aerodynamics has played an important role in shaping the shuttle concept.
Even before the formation of NASA in 1958, serious thought was being given to
the idea of an aerodynamically controllable entry and return space vehicle. It
was only a matter of technological state of the art that led to the use of blunt
conical semiballistic reentry bodies for Mercury, Gemini, and Apollo. The' work
that sprang out of these early deliberations, which led NASA to the lifting-body
programs, and more importantly, led the U.S. Air Force to sponsor the DynaSoar
project, on which some $i+OOM were spent, along with continuing technology work by
the Flight Dynamics Laboratory at the Wright Patterson Air Force Base, gave a con-
siderable background for flyable reentry vehicles. This work, the improved high-
performance propulsion systems being developed by both NASA and Air Force, and
the improvements in refractory materials resulting from a broad frontal research
attack, laid alongside the high present cost of injecting payloads into space,
paved the way for accepting the idea that the time to start developing a reusable
space vehicle was at hand.
The shuttle vehicle has, however, encountered severe constraints in its
fiscal diet for the early development years. Consequently, a series of vehicle
design and configuration studies have been made to determine a vehicle design
approach which, for a prescribed mission model, will have least cost in terms
of the present value of money. The systems that are the front runners at this
moment have been described by Edward Andrews (paper no. 1.)
It is probably unnecessary to remind anyone here that the changing config-
urational picture has kept the aerodynamics and aerothermodynamics personnel
busy. The importance of understanding the aerodynamic and aerothermal effects
on the flight mechanics and structural integrity of this three-piece vehicle
during a flight spectrum which ranges from Mach 0 to Mach 25 and back to Mach 0
under continually varying pressure and density cannot be minimized. In spite of
the obvious difficulties one advantage is the fact that the shuttle does not
have to be a superior airplane. As long as it can be adequately controlled
through the flight regime without scorching its skin it would appear to meet the
mandatory requirement s.
Back in the summer of 1969 OMSF and OART began a precedent-setting joint
effort to examine and prepare a technological base to support the shuttle. As
most of you know this program has pulled together the talents of the research
and space flight centers of NASA, has vastly improved communications at the
problem-solving level, and tied in not qmly the contractors, but also the
European technologists who are interested in participating in the post-Apollo
endeavors.
The management approach to this program is to solicit and to use the advice
of seven Working Groups. These Working Groups, of which the Group on
Aerothermodynamics chaired by Arthur Henderson of Langley Research Center is
one, comprise representatives of all NASA Centers engaged in the work activity.
They recommend the program content; they are also actively engaged in monitoring
it. This conference represents one of the Working Group information dissemination
functions. I would like here to express my appreciation to Dr. Hans Mark and his
entire team for organizing and hosting this symposium.
Funding for the technology effort, which will total $1JOM by the end of
FY 1972, is derived from both OART and OMSF fund sources. The Aerothermodynamics
total effort during this period will be $l6M, a sum which does not include the
salary expenses of NASA personnel engaged in the work, nor any contractors'
efforts paid under vehicle configuration studies, nor any of the independent
research and development funds which various companies have been persuaded to
invest in the shuttle prospect. 925 NASA personnel are directly involved in this
technology work; the aerothermodynamics effort accounts for nearly one-fourth of
these personnel.
Some of the results of this work have been noteworthy. New test methods
for studying heat-transfer rates and shock flow and impingement have been invented
out of necessity to handle the large volume of work. The program has now used
about 20 000 wind-tunnel hours. This technical progress will be covered here in
much detail in the next 2 days.
With the coming fiscal.year, NASA anticipates moving the shuttle program into
the design and development phase. This change will require a transition of many
of our technology investigations into development support. Because of the
intrinsic need to support closely the shuttle configurational design selections,
it seems likely that this aerodynamic work effort will continue at a high level.
In fact, it is expected that test facilities located in Europe will be used to
relieve the load of work imposed on the U.S. facilities if satisfactory working
relationships can be worked out and it is believed that they will be.
I look forward, along with you, to the development and operation of this
system so vital to a healthy and aggressive space program. I expect that this
conference will be seen in retrospect as a significant contribution to the





NASA Ames Research Center
Vehicle aerodynamics, heating, thermal protection system response,
chemical effects on surface materials, and chemical effects within the
shock layer are a few of the many variables that depend on the flow
field around the Space Shuttle vehicle during its flight through the
atmosphere. A need for flow field calculations arises mainly from the
inability to completely simulate the flight environment in ground-based
facilities. For example, tests performed to simulate the high enthalpies
associated with entry often have the incorrect flow chemistry because of
model scale effects. Therefore, the designer must extrapolate test data by
using the best information about the real flow field. Exact three-
dimensional flow field calculations are now at the threshold of providing
the necessary rationale upon which to base this important extrapolation.
At the last Space Shuttle Technology Conference held at Langley
Field in March 1971, there was only one paper devoted to exact flow
field calculations. In this session there are seven papers, five of
which contain exact methods for computing three-dimensional flow fields.
The remaining two papers treat in an approximate way chemical nonequili-
.brium effects and streamline calculations used as input for heating
estimates. The emphasis on flow fields at this conference developed
mainly from recent technology advances made in exact calculation methods
and in computer storage and speed that is necessary in the practical
application of these methods. The papers were selected in order that
the progress made on shuttle flow field calculations can be judged and
so that future needs can be determined.
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Is. In addition, grid size variation can be
for instance, smaller grid sizes can be
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calculation of flow fields over a variety of
Flow fields over fuselage shapes for Mach
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S FOR SIMULATED NARC SHUTTLE ORBITER
(Figure 1)
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RFACE PRESSURES FOR NARC SHUTTLE ORBITER
(Figure 6)




perfect and equilibrium real gas results. The effect of the0)4-1C0101J54-101
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is devoted to the inter-co
•H-pGcu-p-pa3HoJ•HOftCQC^J03-P-P034-1OCUH00§•a•HXIj>^t— \CU•p03?H1•P0300G•H03-pH-S•8HCO




















































complete three-dimensional flow field pre-o3-PCQ0-Po-pCQ>i^TJ»3-pCOCQ•HXI-PCHO0•H-pCJ0•ooG•Hg0
, by comparison with detailed wind-tunnel£_l(Uo5, —
 |^^ _io5
-dGIrgG05*JOrHCH•d•HOCQ•Hrj•rl00G•H•drHOG•H^GO•H-PO•H•d












edge in downstream sections. As a consequence,bOG•H-d050H0X!-Prl050G-dG05»\0COoC0XI-prl030C0G•HHrl0-PC0CJ0XI-P














curacy needed at the different stages of com-ott)0X)
-pCHO•d05-dcuHoG•HCQ0•H-PHP!CJ•HCHCH•H•d0XI-p!HQ4-1Co•H-P03•HCJ
this respect it was somewhat surprising toGM.CO>0rHCHrl00?H1h»}JL]03•dGpiOX>rrjrjo5•d•HCJCO•rl^*G•HCHOGO•H-p$2ft
dary layer demands considerable accuracy in theWO, — {05GO•rlCOGa-•H•d00rlXI-pCHOGO•rl43o!rHP<CJH03CJa-p-p-p•HCH
































































































































































HA.PE AND SURFACE STREAMLINE PATTERN
(Figure 2)
















hen the cross flow became supersonic the calculation was cut off
PE-^dox>o^Cj-p<HO•g•HX!•P(^£_jOJJj0<*-t0XJ-p
d attention was focused on the windward part of the wing. AtdOj(UbOcubDd
•H•3cuHo•HH-P0)BocubOcuX!-ps
ed that viscous effects in the leeward side are such that the
-po&XcuCO•H-P•HMCJo3-P-P03^Ho0)HbOdo5CO•HXI-p
rj0Ha^•HCO•Hdo•H-P05HC^JH03CJ•d•HCJCO^Hd^
grees well with the measured one, but this is not considered to03&03
XICOC^JoX!CO-d0-P03HC^JH03o0g
shape is an insensitive characteristic. The data points wereA*CJCOcuCOJ2Jo5CJ0Xi
-PCOcu-P-PdcubOd•H-^pCO05,8
















rvature vector, its projections along and normal to streamlines,£3O0XI-P0-P,-«|£5OrH05CJO-P-Pd•tHCJ<H^3COCO•H
iented curvilinear coordinate system. In addition, the stream-£_(oi0d
•Hcd050JH-PCO03OCJ•H-PCUBXI-P•d§
r the boundary layer, such as the transformed longitudinaloCO
-p£d•HCO0-Po3HCJHo3o0d•H-P320d•HrH





of transverse pressure gradients on streamline shape. Near theCO
-po0CH00-p>OCO0!-(^3bO•H0£
at the centerline, all streamlines curve toward the leeward side.COVH0COCO0f-,ft0^)ft0•P0P0XI>•N0CO§












































































































































































































































































on of enthalpy across the shock layer at about 13 nose radii from the nose isiH-p43•Hrl-PCO•H
•dcu£^
ions: the centerline and a point near the leading edge. The entropy layer,-pcfloOHo•^pHOG>o43CO






f the entropy layer extracts a heavy tax from the computational scheme since,0CUCJG0)COcu1^ftcuEH
the steep gradients in the layer and maintain computational stability, it iscuHoCQcuoJ_jcuJ_loG•H
trate mesh points near the surface. In the present computational scheme thisGcuCJG0CJo-p£_(cflCOCOcuCJcuG
ing" the normal coordinate. Moreover, we have found that a preset stretching43CJ-pcurH-pCO
^43CUG*dCOiH
variable in the downstream direction) is not sufficient to solve the difficultyHo-pGcfl-PCOCOCJC^D43-P•HCU
rt to a self-adjusting scheme that will regulate the concentration of mesh pointsoCQ0)o-Prd3• Q^£>0343CUS
the calculation. It is emphasized that the difficulty is not just one of*+H0GO•H-P£3O%cubOG•HM-d
CUCQCflCJGcflC•HCQ-POCUCHcuCO0oCO
43•dcu-pCJcucflCU43S43CJ•H43CU03H£2-pGCUcu43-PG•HH•HCfl-PCU•dbOa•HCQOH
he integrity of the whole calculation unless every region of the flow is pro--pbDG•HCQqrHCHOd)flO-P
4^3
e need to change the stretching factor in the meridional direction is not as43EH•dCU>HOCO<Urlr^H1^(Uft
ular in the present scheme where the mesh size is proportional to the shockCJ•H-prlaG•Hr-T03CJ•H-P•H^fCJ






























restriction on the curvature of inviscid streamlines,§ca0CJaJHftca•Hc~j^_jCO0-PG•H•d0O00G•H0-^PCO
er the deviation from inviscid streamlines is small,^i3r?03•d30X>0XI•p3•HCQG•H-PC^-PCO£3COCQ05f^t
c flow over cold walls. For the sake of simplicity•HGOCO«P'Sjr£fHOCj_jGO•H-PftC^QCOo5•doobO0>10•HX!o•H
-P•HCOG0
•dO-p3•d2ft0-p•H•H05CQCO0O0G-pOGS05-PCOGOCJca•HSH03GHr^jGaJr<PM0-p-p03-P•d3C^O10a)CO•H-p•H
ayer (it is evaluated at the "reference conditions") andH0-pCOCOo5nO05£*i^£•POGCO0O•d^j-p•HCOOCJCO•HGa
the enthalpy. The theory does not resort to "localo-pH03GO•H-P1^aor(ftH0CO0G•HCO•H^ -P•HtoG0-P
s. The method has been tested successfully on ellipsoidsG0•H-PftCOCOoi•p•H£_l4-1PI^j'wCQ^_lo»0+33ft-p0)H
.
<UCJGCU-d•HOG•rl-P03ca0G0CJ•dcu-pHft1
transfer coefficient, referred to the stagnation-point-p05cuXIoGO•H3x>•H-PCO•H•dcuG•HHfnCU-PGCUCJCU^
ate in nose radii. The striking feature about thisG•H-do0H03•Ho3cuXI-pCOCO1^cu£*Jjoc\COCO•H•sH
, most of which can be attributed to cross flow effects.r<cu-Po03X!CJS•H-PGftrHCUCOCO-P•HCO•HGO•H-P3X>•H-PCO•H•d
•dcu-p0)-PCOCO05+rXibOGo3-pHCU-dcuXi-p0r?•PO&pi•HCOCU4^<Hocu•H^G•HbOG•HCO•HrlftFH3CO-P<~{Jj(UsoCOCO•HCO•H
anges sign as one moves downstream. The character of theXio-dG03COcu•Hr<^Jj^COCO0SHOCUX!•P•S^SHCO30I
by the experimental results. The general agreement betweencu-pa»3CO0XiO-pcucuCOcuS-,30H030•H1OcuXi-p







































































































































out in the outboardCQd•Ha-p^_jcuH^5o3•dd00)-p•Xr*ir— (CQJ30•Ht>CUhft•d(U-p05o•H•dd•HCQ^^^•H•H•do5cuCOOdH-P1












































































































































































































x, H. : "A Description of Numerical Methods and Computeri3*&acd• «\>































































REENTRY FLOW FIELD AND HEATING ANALYSIS
le, TRACOR, Inc., Austin, Tex.,
s, NASA/MSC, Houston, Tex.,
RW Systems, Redondo Beach, Calif.,
TRW Systems, Redondo Beach, Calif.
INTRODUCTION



































































































































































ield and thermal environment around the straight wingM-l1r-lM-l^j}_l4->Ccucu^(CU^fi4JTrJ0)C•i-(cQcu4J(U'OF£CJ•rlX!
tive of the study was to calculate both rarefied andCJCUocuH•cur-l0•r-lf"icu^J_(CU4-1•rlO^JOcur-l4J4JPCO
d heating rates on various configurations representa-cu4J•2CJoCOCOCO*"UcCOCO•orHcu•r-lM-4jjol-lM-lEp3Ci-l4JCoCJ
f attack. Rarefied flow fields and heating ratesocur-l00cCOX!00•iHXI4-1COS-lCU4JXIS-locu4-)M-lOCU•H4-1











viscosity methods and also by a 2-D shock layerr-l.2CJ•r-lM-l•r-l4-1S-lCO""-I*..cuuccul-lcuM-lM-4•rlTjcu4-1•rlC•r-4M-lJ>^T3COCU4JCO
ields and heating rates in the continuum regimeM-lgr-lM-lCOP0uCO•rl^cupcr•HcCJ(U4_)CO•rfco-,^
l-lCOcCO
ntegral matrix method for laminar flow and by an•r-ll-l<u"^>COi— IS^-lCO•ocpoXiCO^>XI*"O<u4Jp(XEoCJcuS-lcuU
























angle of attack (40° - 60°) . The theoreticalXI00XI4-1COi-Hl-lCO**COco•rl4-1COrj00•r-lMHcoul-lCU4J•HXiO































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































figure as a function of the distance measured4-1sccuX!4-1C•r-lCs0X!COCO•r-lC0•r-l4-10cuCOCOCOouj-icu4-1•r-lf*>J-|O















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































resentation of the Orbiter fuselage and wings asa0)\4QI
COCOCO3OX!COJJM00•HM-4CO•r-lXiH































olic equations that represented the inviscid flow.
x>M0)a"^»rC0)X!4-14-1O60Or-lCOCCOCDuccuH0>4-14-1•rlT3
tion was an explicit one where a marching procedureCO4-13IXU
4-4O0)B0)X!UCOI-lCOCJ•r-l1401B3c01X!H






next parallel surface whereupon the flow is calculatedcu
Xio4-101CJCO4-1t-l3COi_4CO•r-l4-1•rlC•rlCCOBo4-1






nge of interest is covered, which was for our caseCOi-i0)^4
•
rl( 1C010)Xi4Jr-l•rl4-1C3*OCU4-1COcu(XCUS-iCO•rl




accurate cone that approximated the front part of the4-1COoB<u
X!H.CO01iHUCJooCN4-13OXiCO4-1O
.3COSCUX!O4JOinr-ir-i4-1OCUr-460CCOcCO4JCOCO•r-lCOCO4J•rlX!•H01OCJcur-l00cCOI4-1iHrSO.vOCNCOCOCOs0160COr-lCUCO34-1


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































y flow field and heating analysisiH4-1ccu01J_(COMH0^*\iHCOE3COCO*T301.!_)c0)CO01i-iCXCO3S-l0)cxcocxCO•rH43







































































flows. The Monte Carlo techniquea33C
•H4JCOCJ
*ocCO•ocu•rHMH0)iHCOiH434-1O43iHOMHCO0)3cr•rHG43CJ014JrHCOCO•rH4JCO4J
in the transition and merged layerCOQrHMH00c•HNP*%
rHCOCCOiH0MHTJO434-1CUacu4-1COiHCJCJCO0)iHOaCO•o0)T3•H0^iHa





were able to treat more accuratelyCO
T3o434JCUacuCJCcuiHcuMHMH•HT30)4-J•HC•HMH0)43HBcacu•rHiHO01434-1a33C•H4-1COU












provide an accurate definition ofo4-1cu
rH43COCOCO3carH•HOMHiH•rHCOjjOMHca•rHcap»^rHCOCca00c•H4-1CO0)43•oCCOiH01COrH
In many cases where experimentalco
•rH60cu$-1CO•H4-1UCOiH0)1 i(3•rHC^JQf*.CO00C•rH3^JCJo43CO3O43iHCU4J•rH43iHO01434-1



















































































































































































































































































































































































































































































































































































































































































































































































































































































heed Electronics Company, Inc.,y0oTJGrdj_iCU-pGCUO-Pmrd^i0CUordexCOTJ0)CGrdgf£CO2CUx;EH
ow field development for the
rHmrHrdGO•H-Prd-P3i 4oUG-rlCU•H-POrdCCUCUXICUrdX!GO_pCO3OK-Prd








1 technique have included therdo
•Hj_iCUg3GCUxi-pmoCOGo-H-prdO•rlrHexf£•t>1oCUXI-pg3rjG•rH-PGOO






a shuttle orbiter wing andrHomCOCo•H-PrdrHrj0
rHrdo|5OrHinCOrj0UCO-rl!>TJGidTJ•HOCO• rlG^-HCUXi-P
er and the laminar wake werej>-irdrHyOoxiCOCUx:Go•rH-PrdrHrjg>_)0mCOrjOoCO-H>0)Xi-PGH•CUCOoG






s starter solution could be3ooCO
-Hj>rdmo-PGCUeexoHCU£•CUTJV_|3O-Prdx:•PCU-pos.GO-HCOCO3U


















































































































































attack stems predominately from the aero-M-lOcurHtr>£rdxitn•Hx:10H-lrd0)rH0•HX!CU^CU•H-P4J;3XiCO
with the vast surface area in the leeward'd(U-Pid-HuoCOentdgcurHX!05-1ftC7>£•H-PidcuX!o-Hgrdc"d
diction problem at high attitude. With thecuMQjpJcuxi•penidiHHCU^enid£j0•HCncufe0•HM-l
ques, it seems possible to compute the•HGX!OCU-prHido•H^4CUdfl•HCU0£rdj>T3id•PCcuocurH
idrHCU•HorHCUEHCUCU0COcu•H•HCidQcuiHU•HX!CU£>CUX!-P•d3o5-1idu0rHM-lCU-PCUrHftg0O







of attack is relatively simple since it iscurHCndfdjj0Hid-Pid•drHcu-HM-l|5OHM-lCUX!EH
m of a small subsonic nose region. Therdcu^i-Penr;gO•dU•Hcoenj_icuften!>irHCUH-)10C•HgOT!CUft
s primary applications in three areas. Itmxipjo-rH-PrdrHJj0•HfdurHcu1^fdrHyu0Xienen3OUen•H>
inviscid supersonic solution since thecu
xi•P-Pj_iid•Pen^irHJ^CUft0rHftO•p•dQ)en3cuXtq;id0
luded. It can also be used to initiate aoc•Hen•H-PCQ)gtu0idiHften•HT!MCUidH£-1rHidCOX)
t to the body and downstream from the sub-ocuoid
•n•didflo•H-PidrH3UHidO}_)CUidrH1^rHidrfjcoX!
tion is required to augment the downstreamfdo•rHrHftftidrHcu-PH-)rdrHen•HX!EH*CO-HCncurHo
•HCOen
le application is the prediction of flowX!•HenenOft'drH•HX!•Pf^J.co
•H•prHOen•d•HOen•H£>c•H










f analyzing the viscous shock layer can be seen in thiso0)ocrd•PMOp.g•HCUr;EH
velocity-altitude curves for a typical shuttle trajectoryQ)4JinSOX!CO-PMft0)H§)•H
0•Ptn•H•P10U•H'dG-HCOCU•rlM10o(dcucucoCO0CQrH•pGcucu•dGidr]Op(drH&>G•Hj3T)
2
s taken from Probstein. These boundaries, however, areG0-Htncurlj5orH<4H•PC.prlOg*•H
GO•H-P(0rlP-rlGO0(UGOCUoGCUCCUftCUcuocuCQidocucurlp4JidG•HrTidrl.p•rlXIidi^rHCU-rl•PidrHcurl














































































































































































































































































































































d to take into account the ideal gas and the equilibriumCDCO3cn•Hr— (CDOgcnfdCnCDrHQ
.
g•rHCO
ition, the bulk viscosity is taken to be identically zero"d•dcH.cnCD
•rH4-J}_(CDpt
0narH•rHid













ow variables are chosen as the pressure, the velocityHm4JG0G0a0•d0X!•CO0Xfd



















































totic solutions were found after 500 time stepsftgCO<010)g
-H-PrH0-p0)CnrH(UG^Or_j.£o•H•P














d the cooled body surface. This suggests thatrH(0[5o-PCO-PG•HOftX!CO0)g0).pCnG•HN(U0)3O 1CO




















































































































































d skin friction coefficients fordtorHCDMHCOtO-^1-pH-)mCD
X!CDdg5CD-P13O•PCQ-pdCDg•H}_|CDaW




















, however, is quite close to the0oomll8CDtf4J(0
13(Ud•rHtO-pXIoKC_)_pdCD•HO•rHMHMHCDOOXrjHMH
13CDrH10Eo-podCDVH<urHS•Hd•HCD4->dCDCQCDrHCQH->rHCQCDrHrHCDX!4J0rH(0rHCDCDCO>irHOCDx;•P-PdCDrHrHO




the results available from otherVrHCD0CDrHJ>JCD
-rHtPCDrHrHCD10rH>1Vi(0pjj3OXICD4Jd•HCOuorHMH
ose region to warrant a meaningfuldCD•Bd•HCQrH-H104JCDUCDMHO04J-dCD•d•tHO^rHftCD>tOX!CQCDOM30CO






































































































































sophisticated formulation is beingTfSHids_iCUd(UtjicuMOgidN.dO•rH•Pid3D 1Q)COQ)0•Pw1>-l0)•rli^d2
phenomena neglected in the present•HQ•HrH•Hrjtj 1(UG0CUX!4->COJ_JCU•d•HCOG0O-Pfd•dcuftoH0<u
cal reactions and a vibrational•Hg0)X!OCU•pfdj_ii0)•HG••HMHX!-PO•£*iTJ-PCO^ rH«4HCO3OoCO•H>
rHid0)idMo<u•drHO•H(UXIHrH•HCOCU•HOCUftCO0•HgO-pfd•H•dcu40)_l0rHCU'O0g}-lo4JidrHrH•HoCOO1O•HdogrdX!





heat fluxes. This formulation usescuUid<4HrHCOCUX!•pCO4JOCUII 1ll 1idi^4-1•HU!>irHid-pidoCUofdMHJ-ldCOCUrj•P




ed by the present Cartesian coordi-j^orHrH(dCO•HGidrj4JG0•Htn(UM0)COOfjO-HdoCO•iCO(UXi4Jg0MH












































































































































































































































































rdVIO!^t-iH->cuaa>>COvi0cuflrdi— iawindwardcurflH->.ate model of the pressure fieldroxima(Xp-rdfl<j^H
y surface13oJ3CUrfl4-1
V





























H->13CQCQrdcurflH-»fl013CUCOrdJ3CO— iThe validity of this approachtions.•H13flOOt^ [0cu00SrH
COstreamlineooflor— 1rd£01— 1VICU513rflH->13flrdCO-pOinsitive to nonequilibrium effe*uCOfl• r-lU• r-4TJi— iCU£CUrH3COCQCUrHa
rHOapproach fiCO•1-4













00tirtJ<W«!t-7Zcuxl•(->ti•HT30).3re distributions were obtaE3COCOcut-laI surfaceThe experimenta




£OmbOti• H•!->Ortcu!HCUX^Ibo3Its are presented even tho3COcuM•3periment;XcucuCOcuXI+•>m0i—4<OOvDT3rtrt
rt1—
 1ES013oOi— imstreamlinecuXIH.oO•*TJrtrtoOCM<+-4OXort£rtmoCOcu1— 1bOtirt04->TJCUcalculations were confin
ioIHCU<3CUtiIHOUcuXI•!->15T33gram previously develope£_iP-kCUa computtions were obtained with
0
CUgas mixtur




 |HCOrt&cuXI•J->nautical Laboratory for
*
2O2CMO1 species N?:o be composed of a neutra-4-»>rlwCUCOCOrtCOrt£f-t*In the present work, ai
.cal kinetic
•




mcuPC;.STdcu+•>CO•H1— 1cu(Hrtculationsdata employed in the cal
4J
'8S3COgdistributeace pressuremM3COo^,0cu4JM04-1rt4-1rtT3cuJ34JCO4JCcuCOcut-la4-1COM•H4-1The present papei
<4Hocutirt"p
-













XI+•>ti• HCOs0a>>IHO•4->Ocu•I-T»rtIH+JCUr— 4-4-»•HEJXICO1— 1rto• H&•4-"CUcuhXItions are discussed for 1
oOCMXUrt-i->-i->rtMHOCOCU1-4bOtirtO1llations are compared forr*O'rtO£ooocTmCMO•4->O0o•*ooCMaXoCMvOr^
<4H/^plications ca• rH0)^>^1—4^ C•1-1h•£Sa(MCMi— iT3«rt£i— iainoCO•oM•H• iHTSrtF-icuCOOo3T>rtrt0o•*•ortrt
tionsCOcu§•<uXIRe discussed.m to shuttle technology ar3• HIHX!•rHr— 1• iH3o 1cur-4rtu•Hathe departures from che
*
T3CU15cu(H4->CUMrtboa• iHO^1— 11— 1rt£COM0)>
.
*T






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































test conditions arecu454->mOO1aoM^-lrnThe photograph:•rtcuA!n)-MOCO1—4n!cu!HCU>>CO45anlhGOO4->Or!lieren pi45ow






































435s nose is assumedv45-(->VHOan)cu(-1-(->COrt$0T3£01 — 1M-lcu45•4-*hcuaataCU454-1a•r-4
.
<u•)-»atS-l3Oun!<Unr*-tO+•>COMatcu£(in!umptionCOCOnl
CU45-i->1545+->COCU-t->0}o• iHT3.scuMCU45rt$O45COLeren photographsi— i45UCOO1cu£S-l0!5Oarisaaoucu45H
i of attack. BothCO^™JGO9CO•I-l454J^Omcu(3,0)45CO!^OO45COCU45+Jti• iHT3CUIs reflectCOcu&45CO>»TtO43CU454Jrterence i"+-Ivi• iHT3











45-i->i-iO"+H>>1—4TJ• iH8-SHi moretncurnpressure decreaicu5• *t>.T)O43CU45-i->Vi0cuCOat43cu45•4->T)tln)£O4->COa^tocuT3



















WARD SIDE CENTERLINE PRESSURE DISTRIBUTIONS
FOR BLUNTED-DELTA SHAPE




urfaceCOstudy of the hypersonic flow over blunted slender cones theCO2O
•
 H>COrHaccj*H£
£o1—4mCOX!"^*i\L was found to be insensitive to nonequilibrium effects. SinceHo•rH-t->3XI•i-4f-l1 %CO3CD;_,sCOCOCOfna

















CO5mOCO3the flight vehicle were obtained by using the appropriate vaLa0COCOf-i3COCOCOrHaCDXl+•>T3acd
CD
-Ba/i
 \The initial portion of the pressure distribution, i. e. betwee.CDinSCOCQCDMcxao• H4-»<da00cd-pCO
r
—
 (<dCDTJ• rHmO:he first data point, was taken from a composite correlation•«-•
T33a•rHOaao•Hsa00CtJ•(->CO













X!£4->ited bodies. The stagnation point was assumed to be the poinBdXI^ i— ii— icdy• iH1^CO_H1^4a-COrHCOO
M




co:ace pressure distributions which were used in the streamtub
M-I«.M3CQ>^T)OXICOX!HL *
XI-u• H*rHCOX!•<->CO00o-r->CQCDrH=i00•1-4mOI* coaCO$a• rHa0X!COCOrHcdOO-*IIaT3acdoO00IItfrHOmCOfHrHo•rH4JId"3u13o
CD•sm0rH(Ui on which they are based. Here and throughout the remaindi^MJ_>idTJr™Icd•scoa• rHrHcoitCDCD^H-r->















































































































































































































































































































































Bo43h£Long selected streamlines have been madeCalculations of the flow al










;reamline about in the middle of the entro]tie body surface streamline, a s14->
The influence• asses through the limiting oblique shock.uter streamline, or that which po





CDCQO41+->fn£COa>>•)->-l->dCOrHCOmm•iHTtretm0COMnJa.3M43•iHr— 4• H3o<COr— 1n)o•r-tThe departure from chem
CO
•M•4->n)£h*CO>>n)ir the outer streamlines. In the entropy 1treamlines near the body than fcCO
al equilibriumobody surface, the flow approaches chemiilong those streamlines near the«J
CO£>+HOdo•iHCQd0)departs from equilibrium in the rapid expi the stagnation region and then•1-1
41O1>>t-iCO>Along the outer streamlines, the flow is>sTtO43CO41+•>m0coCOOdCOBT3dgf-in)|M-l
ihrough the•*-•dcoIS]ot-tm>^i— ii — i0)o0)41(JCO• r-l£O&<D41HaCO>nJ£A!CJOLke the relaxing flow behind a shr— 1
co41•MMn)codCQJ[-1equilibrium over the entire body length.hock wave and then approaches <CQ
.
 
CO41•(->COfljdo• H13d•H1OoCOIHmOCO4->nJnHCOBd•i-<ben)i — inJCO• iHa.3Mai— i• r-ldC7<coody surface the departure from43






 H41£-^Td•i-ioaLow expands from the stagnation<«







































































 i• H•j&he principal noneHio£a.2toA•H, —
 i
•






















































































0>T333 on density4->CJ0(Honequilibrium efd0XIHa>NT3OX!0to•gM003to0>0d0tslOtoM-l4JCOOa'cd
9


















































































































































































































































































































































































































































































































CUf^lbetweecuoflcurlCUm<«•rlTJcu5o03T3flrii— i, — iGO•i-thfl•Hfl£o41CO•841-4-1O-Prlrtr-i•rl1COI— 1I— 1riCUrlriCOflo•rl342•Hh•pCO•HT)
T)OOGOriCO










•3-Pcu41•4-Jfl•iHrr-«Wcu^jCO•Hr— 4CUrlriCOcurl1these temper•t>NI— IGO.aT3rlooo<otions•rlT3rioucu03curj;{3rlO<+Hfet^O&





















































































































oICO• 1-1"o>•1-48i—4m60.3in the blunted- delta wThe flow along the outer streamlines
strong shock waves
TJrt•HACDJ2£Oa00.3•MOn)CDhCD,£MCD"ct)0oCOCDO 1i-4Oan)1CDOCDJ-H
i made to investigateVt-tCDseveral calculations wwas extensively reviewed in Ref. 7. There s
COoCDn)cj
-
co"fljaiVH0oc.3artaCDrto•1-1•u•Hscaling and distances to equilibrium. In add










COCDU9es of interest the distnormal shocks. At the velocities and altitud
00.3• 1-4i— 1<oti•1-4ahCD(111*CDi— I00aooCO4)oObe considerable. For an angle of attack of 2
oCDif\CD£O•tJ3• rJOfrom one trajectory pipressure ratio is about 25° and varies little
.ow, is essentially53
.0)nt pressure streamlinbehind this wave, computed here as a consta:
or-4avO
•










 in)CD•HtinJthe flow is essentiallyaltitude of interest here, it can be seen that
a8a• HJ-l• H& UCDCDdifference between ththe highest velocity and highest altitude, the
ines this discrepancy
i-HCDh-(->COMCD••->3OCD300r!o3equilibrium flow temperature is significant.
formation while theCD
2Xo0•
 HMSrt1dCD•t->0)MtiO• His due mainly to a lag in the oxygen dis social









































































































































 rnattentionCOcdcubt>PIibrium effects chalemical nonequilr in which clcuPI9acuJEH
3OhCOJ-Ph£COcuPI• Hi—
 1dc0)cuh•PCOPi0PIcu5T)PicdcuOcd>*Hki-J.-*CO>>T3OX!CU•BMcd<UPistreamlines£jOPih3•f-*Pi• iHfocused




 iilibrium f£cucu^gnificantly below t• HCOCOI— 11— 1cdMHg1—4M-lad• H; nonequilibrw-_Jq3mOCOfHSH-*n<temper;
cuP^I• r-lCUfnr-itemper aticu^H-pCO2 outer streamline,d•pU)PIo1 — 1<cuCOoPIs around theT3PicdB-cu>t>i— i<4HcuXI-pCOcd























O^dCO3mobehaviorCOM•P•PCJilibrium flow reflerium and nonequ5r— 1• 1-4ScrcuIHoMHCOCOsr— 1cdCO>• |H43cd1—4COSHCU,£H
cuA•PcuT3• iHm•PSoCOcu.31—
 1ftrH«SCOfn-pCOCO^H-pGOPiOId£OaCO,n-pCOCOcdoCO• rHJl•Pmoh0cribed aboveCOCOT3COcdM!>,!Hchemist
•
£oi —


























































































































































































































































































 i<1dependent 01course,MHOCO• |HCOcu.2r-<acdcut-i-t->COhCU3ocuaooPio1— 1n!£O£CUXIH
£oi—












(XOfc3cucu£Pi• 1-1COcu•Si — ialong the stream







CUCOoPi3X^lCUXl*MT3OhtdIrops in the expansionucut-lwhich the pressu








 i•i-iScrCUPiOPiCUfj+JTJPicdPi.2-i->si— ioCOlibrium•i-i3D 1CUCUxlHequilibrium effects.oPicharacterize the
00
.3> mpanyuOucdcuXJ-4->Pi• I-Irrtire compare<ro«SaCM(MOI— 1II^Of*T39'Zrmi — iamoCO•onsolutions for R^
Pi3ot-icdPiO• HCOPicdfrCUcufj•SPicuNOi-lM-CCO• H>.00PcuPicuCUt-locus• HI— 1h>»I by these results veri•ucu•>->ido• HT3• SCO<<•cuM300S
.3same :cu
xl+->•goX!n)CO• r-lequilibriume towardCOn<\vCUMCJ.s•+HocuId^cu•B•kPiosT3TJcdd£ethe smaller nose
mOtanceCO






 1eamline. These resut-i+->COcuxl-t-»00PIoI— 1cdat^-m•*
iacdcut-i-i->CO>
-
Td0x>CUXI-(->00pjo"cd?o£cuxlEH0CU00st-laCM(M0r— to-f->amoco•cu£Pi•rH•H• i-lTJcd^CUCOoconsidered and n
-t->xl00• iHi— 1COcd>sI— <PioCOcuPiand recombicuCOo«Si — ix>cu£T3Piin the expansion arouPicuIS)line becomes fro
































































































































































































.scid flow on the shuttle orbiter influences estimate
edge conditions used in the boundary layer calcula'
sat transfer rate in the nose region. For a chemic
The calculation of the invi
urface heating rates through the
















































surface, a local similarity calculation gives the he
where HTf is the total "frozen" enthalpy. Assi
e edge streamline, the laminar heating rates for ec
dy streamline are compared in the figure below. 1
>2 km/sec (24, 000 fps), h = 76. 2 km (250, 000 ft),
oundary layer on a noncatalytic
ate proportional to ( HT~ hw }















































































boundary layer flow was chosen as a point of comp
s frozen in the corner expansion and that indicates
y layer will be far from equilibrium. It should als
The assumption of frozen
ecause the inviscid flow become






."1etely catalytic the surface heat transfer rate depen
boundary layer. Furthermore, the only way that i
important is through the transport properties.
oted that if the surface is compl
Lttle on the chemical state of the





























rately the influence of the inviscid flow on the surfa
cid flow by the boundary layer should be accounted
.culation, it is noted that calculations of the bounda
In order to calculate accu
ate the "swallowing" of the invis












,ry layer is thin compared to the shock layer. Thu
e entropy layer, where nonequilibrium effects are :
.ayer edge conditions.
lickness indicate that the bounda
ose region the streamlines in th




































• hw for nonequilibrium flow to that for equilibriurr
out 1. 07 for the highest altitude, highest velocity c
c temperatures are considerably different for the e
s streamline the frozen total enthalpy is not apprec
h Mach number flow and the static enthalpy is smal
The entropy layer will be
ayer edge conditions near the ba
nviscid flow. The ratio of Hr -
long the outer streamlines is ab











nd nonequilibrium flow along thi


















: nonequilibrium effects on the flow in the outer str
effect on the surface heat transfer rate, at low ang
ompared to the total. Hence the



























































































LLOWING OFjBOUNDARY LAYER THICKNESSES, TRANSITION, AND SW^
THE ENTROPY LAYER
(Fig. 19)
applied to estimate boundary layer





ayer, i. e. entropy layer
ansition criterion. For o*. - 20°,
: evaluated for conditions at the
istimated by using Cheng's two-
sonic approximations and to obtain
aurposes, it was assumed that the
=md the thickness estimates were
in. 10 The Spaulding-Chi theory
with errors of less than 10%,
dary layer thickness. The
on's relations, with an
Le at transition. Transition and
nonequilibrium streamlines in
eamline processed by the






























The results of the inviscid streamtube computations have beei
transition, the thicknesses of the laminar and turbulent boundary layi
field where the entropy layer will be fully consumed by the boundary
swallowing. Transition estimated were based on the NASA interim t
this criterion requires P& I 'M&fRe/£} 1%y 10 , where all parameters ar
boundary layer edge. The laminar boundary layer thicknesses were
dimensional local similarity solution, ° generalized to relax the hype]
a solution based on boundary layer edge conditions. For the present
boundary layer was fully turbulent immediately following transition,
based on the Spaulding-Chi theory9 and on procedures given by Johns
was approximated by a logarithmic law, F c C f ^ .Q39 \fa^ Re#~\~' /e
and this was applied in the usual momentum integral relation for bou:
exponent in the power law velocity profile was determined from John
effective starting length defined to yield an approximate Blasius prof
the boundary layer thicknesses were determined by using the various
the entropy layer for edge conditions, and by using an equilibrium st
oblique shock wave. The latter is often used in calculating boundary
<u^tpresent comparison provides a check on the accuracy of this procedu
three trajectory points considered
I, Fig. 19$aJ, the calculations show





The results of these calculations are shown in Fig. 19 for the
here and for an angle of attack of 20°. At an altitude of 61 km (200kf
that the laminar boundary layer thickness is insensitive to the edge c florom the body surface. The transitiminfluenced. The streamlines are labeled according to their distance
librium body streamline or the
ions, the latter corresponds to an








location varies by a factor of 2 1/2, depending on whether the nonequ
equilibrium oblique shock streamline is used. For these flight condi
ideal gas streamline, and there are essentially no nonequilibrium efi
ows that the laminar boundary
entropy layer. The predominate




The thickness of the entropy layer is indicated in the figure, and it a'.
layer and transition are governed by conditions in the nonequilibrium
nonequilibrium effect in this region is in the static temperature, and
tion length through the square of• i-4value by about 30%. This enters directly into the criterion for trans
the Mach number.
T3
ry layer thickens rapidly, and it is
as the flow. These boundary layer
imed in the boundary layer at a
ry layer development on the forwar






thicker by a factor of 2 where the nonequilibrium entropy layer gove:
estimates indicate that the nonequilibrium entropy layer is fully cons
distance of about 20 nose radii from the leading edge, i.e. the bound
«n)<u£>»"flOfloMV>N«!i— i>>MR)Tl9O.Q<U4^Jhalf of the body is governed by the nonequilibrium entropy layer and





































































CO|vO0(0altitudScharacteristics a.tCOrti — irt33OX!COi— iOI— Irtocojf;












XJa• rtX>•rti — I'3CJ 1COrtortCOo•P^*i— <co-PrtaXoFHa&
quilibrium(UtuO
.SCO3e dietedar shorter than thatooHurrtIUT^rtCO• rtXj00flCOr— 1flO£•rtCOH•P0)xj

















a0rtcolibrium•rt3a 1ondition, the noneu























































































































diction based on the



























































































































































































































































































blunted deltanJ<+HO2cu££oT)•!-!CJ03•l-lfl•I-t0)£fl.1-1a.3S_if chemical nonequilib]ocucuHbOCUt3CUX!H










field was devisedCUpressurV•B<4HOi— 1<uT)npproximate mee of symmetry. An ae windward plan3rjn•|H
tories.CO•l-lXl<0J-,dCOinCUMO-TJCU•Hm•i-iCJcuPL
.






JCOa obtained on two testPressure dat
oO^PoOCMo"<*•!O
XUcd£ntmOCOcui—
 ibO3cdT><u4->flLts were prese. Experimental resulwere presented>>T>OX!





















ajectory pointsi-i4->M-l0CUboSCOJnCUrjM^(U>Overy similarfor these cases wereis. The resultsr~•rtT3cdM
deal equilibriumsMCUX!OCOCUXIocdOj-iP-s-£odCU5>NT3OXJcuXIstreamlines close to 1cu5<§•-ocukcuT3•iHCOflOCJ
bOflO<»CUCOoflI-Icd•rtk(UXIPI
-
COcu/H£T3fldo(HCtJfln the expansioion and then freezes ie stagnation reg£rtn• i-i
the conditionsInO<MOT3flcd»7£+CMS>»d of essentialls the flow is composenner streamline.~-icurt•S
CUi—
 ibfiflcd
o0CM(Urjr*H4->(HON-lflcutslOMm>»Snt• H4->flCUCOCOCUCOcd^o^r— 1m>uter streamlines, theCJo>•BbOflO39•tfCU"cdcuf^4->
Lons became4->Sr- 1OCOa3•iH^ai— i•H&CUfloilibrium and nfence between the equCU«4-l<+H• iHT30)X![-19XCJcd+•»-)->cdmO












 HCOincrease in denCO
AHL
results,




a<dd/rliromote eP-o4->face was sufficientwindward surCO
B
fHO









































cdarHO>>r— 1rHcdCOdCOj2hich pass through tstreamlines w>NA
CO00
73COCO•Bhock determineCQCO&•Hr— 1rQ000.a•(->•H1COB(H00doLnes which pass thrd the streaml:c3A
COfHCO
ACOdorrH73rnThe calculation!>-.
730ACO$mOCOCQcd43COB73fHcdboundary layer towcoBmOCOdo• Hs73doo





73dcdA>HCOr£34->OCO^dOCOCOd•1-11cdCOfH+jCO>>73OACOB00dor-HfSen in the chemistryNOfHMHCOAc3o> oB~~OCO
dcdA4->COCQCOi —
 I
fHOn but accounts fCOSIofH
m!xi—
 ifHcd<adCO•l-lV^fH-MCQ• rHaCOAoter streamlines thedocoA-t->00doi— icd>,>Or-lMH
























,ons. These show that for all three trajecto:alculatiuhCO>^o!i— if^!H0)Tlpproximate bouno5GOfl•HCO3


















behind •COflO• H-(->13flOCJJ>,X!-(->Ofl13floihco>>0)i— iK^?»fXOM•4->flCO
COstantially earlier than predicted on the basiX!3CO13cokoccursition§h4->4->(tXi4Jfl•H•— 10)4-1fl(1)trimiCO13
r-\k. In all cases covered, the nonequilibriurrooXICOco33X?oa>Xi4-113.sXicoX!£o<wa3•I-lf-(Xi• I-lf-— 1• rHda 1COmO
.evelopment on the forward 1/3 to 1/2 of the'Un<o>^0}i — I>>M0)13fl3OXICOXIT layer governs tr<"»P.0M4->flco
£Oi—
 i
SHthe aft portions is governed by equilibriumfl03coaP.oI— 1co>co13f-tCO>»oii — 1>shOi13fl3OX!co£0>,13OX!



















 13oXiCO4-J• iH, First,GOfl• H133concle mention beforeservCO13
ipresent the extreme so far as chemical nonCO^>^i— i•Ht-tOlecessfl4-10flif symmetry doesoCOflotr— 1P
-
streamlines which enter the nearly normalGOflo3•13cofl^iconcerium effects areXI•i-ii— i•t-iEu 1CO
CO3mOcoGO13coCOX!4-iT3fl3o!-(0)+JacoC^OflCO•sCOMoi-M5>XIcoTl•i-iCO13h0)1.3^0XI4->0U^0XICO1XICO•Bmoflo• H4->t-{op
.
i a much greater expansion than in the plane.ndergoes3§HLWcu4J•\i the leeward sideo4->>^13OXI
SS







lations the results for the elec-3CJ
rHcdCJcuXi4-1d•HrlO4H*dcu0rHi-HcdCOcd£5do•H4-1cdM•rldo•H14HOcuCJdcuCOcuf-iCucuXiXi003or*.4-1i-H^3
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is assumed that the-p•H<HH•0f-jbO•HCHCO•H£$-PPI•H-d0-po•Hft0-dcocd0£1rHH•H^5fn0cdK*3fncd•drjO£10c~]-PPi•H0rH•HCHOfHJ>
j
-P•HOOH0


















































































































































































e entropy and pressure distribution on the surface are known, ordinary differentialA3-pH
CO0K>HO-PO03«H.0•doCQ0•£&•dA3•sa0a•H0-PCQ0A3-pO'••d-0-p- 0o"CQg•H•PetSPia 10
and the equations of the surface geometry. In Phase I of the present development,COg•H-PoSu*0
n the vicinity -of the surface is assumed to have passed through a normal shock























t velocitiesj thus the method is being extended in Phase II to account for variable,c]bO•HH<H•a•HA3
the boundary-layer edge. The results that will be presented in this paper are for a (-po3o-pS30
proach .acdH0CQ03_c~]PM
starting at the stagnation point, the streamline path, the scale factor H, and the^W1
fer rate are computed along, a selected streamline independent of other streamlines.COI-p"cd0A3
are then computed along other streamlines until an adequate surface heating distributionions-poCQ
•d0$3•HoS-pA3OCO•H
urface pressure distribution must be known to start the calculation and must be obtained










hey must be very accurate since second derivatives of the pressure are required.
e methods such as .Newtonian theory appear to be the most promising source for surface










































s. The application of this method is easy and it has proven useful in describing certain03S3•H•doo0
metric shapes, but it has not yielded the mathematical consistency necessary foro0bO0Ha•HCO

































































































































































































































































































































































pie heat -transfer datap^ooo6CU
t cjPCf_jOr>)| 1
•HH•Ho3H•H03030)PCj_)OCUCOpi03Od>,£>'dCUpoCUHCUcoco03J5PIo•Hp03^Jpsbo•HP!OOCO•HEH
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































NASA Ames Research Center
preceding papers provide material from which to form a judgement regarding the status andcuH
eds of exact flow field calculations, as summarized in figure 1.cuc01S-l34-13
t methods are available to provide the starting data for the three-dimensional inviscid













ffects in the shock layer are important a two-dimensional method for generating startingCUCO3OCJCO•rl
vailable which has the promise of extension to three dimensions. Methods for calculatingCOCO•HCflcfl13









y subsonic two-dimensional methods have been applied to calculate shuttle flow fields in
rHcu4-1cflc•rlao13
imate way. In each of the aforementioned inviscid flows, thin boundary-layer methods haveo^rlexexcfl£*ctf





e the present status indicates good progress toward the ultimate objective of calculatingrH•Hp»
ete flow over shuttle vehicles, much work remains. In particular, the need for a three-rH!<oaCU434J
al method applicable at high angles of attack is clear, as is the need for including theC3O
•HCO£3CU£3•H•o
ominated regions over the leeside of the vehicles. Furthermore, each of the methods needs*"O1CO3OoCO•H>





ch machines should make possible economical calculations of complete flow fields on a3C/3•CUrH0rl
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